The catalytic activities of various noble metals (Pt, Pd, Rh, and Ru) supported on siliceous SBA-15 and Al-containing SBA-15 (AlSBA-15) for hydrodesulfurization (HDS) of thiophene at 350 °C were investigated. AlSBA-15 was prepared by a grafting method using aluminum isopropoxide (Al (OC 3 H 7 ) 3 ) hexane solution. The HDS activity of Pt/AlSBA-15 catalyst was the highest among those of various supported noble metal catalysts, and this activity was higher than that of commercial CoMo/Al 2 O 3 HDS catalyst. The catalysts were characterized by XRD analysis, hydrogen adsorption, 2-propanol dehydration, cumene cracking, and FT-IR. Dispersion of Pt on SBA-15 was remarkably enhanced by Al grafting. It was revealed that the acidity of AlSBA-15 was higher than that of SBA-15. Furthermore, Brønsted acid sites were observed on AlSBA-15. FT-IR spectra of thiophene adsorbed on AlSBA-15 indicate that thiophene molecules interact with Brønsted acid sites on the surface of AlSBA-15 and that the strength of this interaction was stronger than that of SBA-15. Based on these results, thiophene molecules activated on Brønsted acid site of AlSBA-15 and hydrogen molecules activate to form spillover hydrogen on Pt particles in Pt/AlSBA-15 catalyst in the HDS of thiophene.
Introduction
The damage to nature and environment by acid rain on a global scale is a serious problem.
Sulfur oxides (SO x ) are produced by combustion of organic sulfur compounds in petroleum and coal used for boilers and engines of power plants and cars. Hydrodesulfurization (HDS) of petroleum feedstock is an important process in the petroleum industry to produce clean fuels [1] [2] [3] [4] .
However, recently, the development of highly active HDS catalysts, which exhibit higher activity 4 2. Experimental
1. Preparation of catalysts
Siliceous SBA-15 was prepared by conventional hydrothermal process, described earlier [38, 39] using tetraethoxysilane (Si(OC 2 H 5 ) 4 , Aldrich Chemical Co.), triblock copolymer (poly(ethylene glycol) 20 -poly(propylene glycol) 70 -poly(ethylene glycol) 20 , Dai-ichi Kogyo Seiyaku), and hydrogen chloride (HCl, Kanto Chemical Co.). The solid product was washed by water followed by drying at 100 °C and calcination in air at 557 °C for 8 h. AlSBA-15 (Si/Al = 15) was prepared by a grafting method using aluminum isopropoxide (Al(OC 3 H 7 ) 3 , Kanto Chemical Co.) dry hexane solution at room temperature for 24 h. The obtained sample was washed by dry hexane and was calcined at 400 °C for 2 h. Addition of sodium to AlSBA-15 support was also performed by an impregnation method using sodium hydroxide (NaOH, Wako Pure Chemical Industries) aqueous solution. After sodium impregnation, Na-added AlSBA-15 (Na-AlSBA-15) was dried at 120 °C and was calcined at 500 °C for 4 h. Supported noble metal catalysts were also prepared by an impregnation method using noble metal chloride (H 2 PtCl 6 •6H 2 HCl aqueous solution because PdCl 2 did not dissolve completely in water. After impregnation, the samples were dried at 120 °C followed by calcination at 500 °C for 4 h. The supported noble metal catalysts were treated by helium stream at 500 °C for 1 h and were reduced by hydrogen at 450 °C for 1 h before the reaction. The nitrogen adsorption isotherm at −196 °C was measured by using Micromeritics ASAP 2000.
The specific surface areas of SBA-15 and AlSBA-15 were calculated by the BET method and the pore size distributions by the BJH method.
3. Dispersion of platinum
The dispersion of platinum on SBA-15 and AlSBA-15 was measured by XRD and hydrogen adsorption. XRD was performed using a Rigaku diffract meter with Cu Kα radiation. Adsorption of hydrogen on the supported Pt catalyst was performed using a glass vacuum system at 25 °C. The supported Pt catalysts were evacuated at 500 °C for 1 h followed by reduction with hydrogen (26.7 kPa) at 450 °C for 1 h and evacuation at the same temperature for 1 h before hydrogen adsorption.
3. 3. Acidities of SBA-15 and AlSBA-15
The acidities of SBA-15 and AlSBA-15 were evaluated by 2-propanol (2-PA) dehydration (200 °C) and cumene cracking (400 °C) using a pulse reactor with helium carrier gas. In both reactions, catalysts (0.03 g) were charged into the reactor and were pretreated at 500 °C for 1 h before the reaction. 2-PA or cumene (0.2 μl) was introduced into the reactor using a micro syringe. The reaction products of 2-PA dehydration and cumene cracking were separated using a silicone DC-550 (2 m, 130 °C) column and a PEG-1000 column (2 m, 80 °C), respectively. However, the reaction products of 2-PA dehydration were trapped by liquid nitrogen and were flashed by boiling water before the separation. After the separation, the reactant and products were analyzed by thermal conductivity detector (TCD). In a previous paper, we reported that the catalytic activity of Pt supported on siliceous MCM-41
for HDS of thiophene was enhanced by Al modification of MCM-41 surface [24] . Thus, it was expected that the HDS activity of noble metal supported on SBA-15 was also enhanced by Al modification. We examined the catalytic activities of noble metals supported on AlSBA-15 for the HDS of thiophene at 350 °C in order to develop much more highly active SBA-l5-based HDS catalysts. Pt/AlSBA-15 catalyst showed the highest activity among noble metal/AlSBA-15 catalysts, and this activity was higher than that of presulfided CoMo/Al 2 O 3 HDS catalyst ( Fig. 5 ). [26] . In contrast, the hydroxyl group on the silica surface (Si-OH) also acts as a ligand of Pt complex, but Si-OH ligand in Pt complex exchanged reversibly with H 2 O even after drying at 90 °C [27] . These results indicate that the interaction between Pt particles and the Al-modified silica surface is stronger than that of the silica surface. Therefore, the dispersion of Pt was significantly enhanced by Al grafting of SBA-15.
4. Acidic properties of SBA-15 and AlSBA-15
We evaluated the acidic properties of SBA-15 and AlSBA-15 based on 2-PA dehydration (200 °C) and cumene cracking (400 °C) reactions using a pulse reactor. It was revealed that SBA-15
showed very low activity for both acid-catalyzed reactions, but AlSBA-15 exhibited remarkably high activity for both acid-catalyzed reactions (Fig. 8) . These results indicate that the acidity of AlSBA-15
was remarkably higher than that of SBA-15. We confirmed the existence of the Brønsted acid sites on AlSBA-15 by the observation of FT-IR spectra of pyridine adsorbed on AlSBA-l5 (l547 cm −1 ) (Fig.   9 ). Furthermore, we observed the FT-IR spectra of thiophene adsorbed on SAB-15 and AlSBA-15 in order to clarify the interaction between silanol groups and thiophene molecules. In the background spectra of SBA-15 evacuated at 500 °C for 2 h, the silanol group was observed at 3745 cm −1 (spectrum (i) in Fig. 10 (a) ). After introduction of 2 kPa of thiophene onto the SBA-15, the absorption band of Si-OH at 3745 cm −1 decreased considerably and a large and broad peak appeared at around 3600 cm −1 , which is assigned to the silanol groups interacting with the thiophene molecules (spectrum (ii) in Fig. 10 (a) ). However, the decreased absorbance of silanol groups was completely regenerated by the evacuation at 25 °C, without any shoulder peak at around 3600 cm −1 (spectrum (iii) in Fig. 10 (a) ).
In the background spectra of AlSBA-15 evacuated at 500 °C for 2 h, the silanol group was observed at 3745 cm −1 (spectrum (i) in Fig. 10 (b) ). Following the introduction of 2 kPa of thiophene onto the AlSBA-15, the absorption band at 3745 cm −1 decreased and shifted to 3606 cm −1 (spectrum (ii) in Fig. 10 (b) ). The decreased absorbance of the silanol group was almost regenerated by the evacuation at 25 °C, but a slight shoulder peak at 3606 cm −1 was observed (spectrum (iii) in Fig. 10 (b)). Furthermore, Fig. 10 (c) and (d) show the FT-IR spectra of thiophene adsorbed on Na-AlSBA-15. The intensity of the band at 3745 cm −1 was decreased by increasing sodium addition.
In the spectra of Na-AlSBA-15, the absorbance of the silanol groups was also decreased by thiophene introduction. However, the shoulder peak at around 3600 cm −1 was not observed after evacuation at 25 °C (spectra (iii) in Fig. 10 (c) and (d) ). These results indicate that the interaction between AlSBA-15 with Brønsted acid sites and thiophene is stronger than those of SBA-15 and Na-AlSBA-15 without Brønsted acid sites.
Some modes of coordinated thiophene in organometallic complexes have been reported [29] and two adsorption types of thiophene on catalyst surfaces were proposed [30] [31] [32] ; (i) via π electrons in aromatic rings and (ii) via sulfur atoms. It was reported that the sulfur atom in thiophene directly interacts with the Brønsted acid site on HY zeolite [32] . According to the theoretical results, the sulfur atom in thiophenes interacts with hydroxyl groups of zeolites [33, 34] . Furthermore, the shift in frequency of the silanol group was because of the interaction between the sulfur atom in thiophene and hydroxyl groups of zeolite, and these experimental results were consistent with theoretical results [33] . We also observed that frequency shifts of the silanol group on SBA-15 and AlSBA-15 occurred by thiophene introduction (Fig. 10 (a) and (b) ). Thus, thiophene molecules may adsorb on Brønsted acid sites of AlSBA-15 via sulfur atoms. These results confirmed that thiophene is adsorbed and activated on Brønsted acid sites on AlSBA-15 in the HDS of thiophene over Pt/AlSBA-15 catalyst.
We examined the effect of Pt loading on HDS activity of Pt/AlSBA-15 catalyst. The HDS activity of Pt/AlSBA-15 catalyst remarkably enhanced with increasing Pt loading (Fig. 11) . However, when
Pt loading increased by more than 5 wt%, the HDS activity of Pt/AlSBA-15 catalyst did not enhance, as discussed below.
In previous papers [24, 28] we considered two reaction routes for thiophene HDS over the highly active supported Pt catalysts: (i) a monofunctional route in which HDS reaction proceeds only on Pt particles; and (ii) a bifunctional route in which both Pt particles and Brønsted acid sites are involved in HDS reactions. Because the Brønsted acidity of supports remarkably affected the HDS activity of supported Pt catalysts (Table 3) , both Pt particles and Brønsted acid sites are important for highly active supported Pt catalyst. Furthermore, we found that the interaction between thiophene molecule and AlSBA-15 with Brønsted acid sites was stronger than those of SBA-15 and Na-AlSBA-15
without Brønsted acid sites (Fig. 10) [24] catalysts. Based on these results, we propose a possible mechanism of HDS reaction over highly active Pt/AlSBA-15 catalyst having Brønsted acid sites in which hydrogen is activated on Pt to form spillover hydrogen, and thiophene is activated on Brønsted acid sites of AlSBA-15, (Scheme 1). Some researchers reported that the C-S bond in thiophene molecules cleaves via thiophene-derived carbenium ions on Brønsted acid sites of zeolites [35] [36] [37] . Thiophene molecules adsorbed on Brønsted acid sites of AlSBA-15 are activated to form carbenium ions. The spillover hydrogen formed on Pt particles attacks the activated thiophene on the Brønsted acid sites of AlSBA-15. It was reported that migration of spillover hydrogen would be a rate-limiting step in the hydrogenation reaction [9] . Because the rate-limiting step in the HDS of thiophene over Pt/AlSBA-15 catalyst would also be migration of spillover hydrogen on the surface, HDS activity of Pt/AlSBA-15 was remarkably enhanced by increasing Pt loading (Fig. 11) . Furthermore, the HDS activity of 5 wt% Pt-loaded catalyst was the same as that of 7 wt% Pt-loaded catalyst, which can be explained by the saturation of spillover hydrogen on the catalyst surface when Pt loading was more than 5 wt%. , Pt/Al 2 O 3 -MCM-41 24) , and Pt/AlSBA-15 for the HDS of thiophene at 350 °C. 
